Abstract The purpose of our study was to calculate the optimal tibial resection depth in total knee arthroplasty. The data from 464 navigated total knee arthroplasties were analysed.
Introduction
The number of primary total knee arthroplasties (TKA) performed in 2003 in the United States was approximately 418,000 and this number is expected to rise exponentially with the aging population [11] . Even with the modest annual revision rates, the number of patients requiring revision knee surgery will increase in a similar fashion [9] . The greatest challenge during revision surgery is the management of bone loss [18] . Therefore, it is a general principle to avoid unnecessary bone loss in primary TKA. Surprisingly, very little data concerning the required tibial resection depth in primary TKA exists. Implant manufacturers and navigation devices recommend undercutting the high side of the tibial plateau to the depth of the thinnest insert available, e.g. our navigation device recommends a resection depth of 8 mm. Contrary to that some experts advise a reduced tibial resection depth in fixed valgus deformities [16] . However, to our knowledge no study has systematically analysed the amount of tibial resection required in primary TKA. Therefore, it was the purpose of our study to calculate the optimal tibial resection depth in total knee arthroplasty.
Materials and methods
The data of 464 consecutive computer navigated primary knee replacements in 443 patients between July 2006 and December 2009 were analysed retrospectively. Exclusion criteria were secondary gonarthrosis due to fracture or trauma, previous osseous operations of the knee joint and revision arthroplasties.
All patients were operated upon using an imageless computer navigation device (CiKnee 1.1.2, Brainlab, Feldkirchen, Germany). All patients received a cemented PFC sigma implant (DePuy, Leeds, England) under general anaesthesia through a standard medial parapatellar approach to the knee joint. The minimum insert thickness of the PFC implant was 8 mm. The tibia first technique with identical ligament balancing procedures was always used. With the navigation device the implant position was planned to achieve a neutral leg axis, a restored joint line and a balanced extension and flexion gap. The computer navigation device was used as the measurement tool. The following data were recorded during the operative procedure: preoperative leg axis, verified resection of the medial and lateral tibial plateau referenced to the mechanical tibial axis, joint line before and after operation in 0°extension, and planned insert thickness.
The following data were recorded after operation: patient's age, gender, side of the operation, femoral and tibial implant sizes and the insert thickness.
Algorithm of resection depth
The required resection depth, as shown in Fig. 1 , was calculated such that the interval (a) was defined as the distance between the cranial surface of the implanted insert (line 1) and the bottom of the lower side of the tibial plateau (line 3). As the worn out, low side of the tibial plateau (line 3) should be undercut by 2 mm, the minimal resection depth was defined as the interval (a) plus 2 mm. The optimal insert size was identified as the next available insert thickness. The unnecessary bone loss was calculated as the difference between the effectively used insert thickness and the optimal insert thickness. By the use of those data the required tibial resection depth (line 4) was calculated as the difference between the resection performed referencing the high side of the tibial plateau (b) and the unnecessary bone loss.
Grouping of the patients
It was the purpose of this study to analyse the required tibial resection depth in comparison to the preoperative leg axis. As the inaccuracy of image free computer navigation in TKA has been proven to be less than 1° [12] , patients were grouped as follows: valgus deformities (>1°valgus), varus deformities (>1°varus) and knee joints with a neutral leg axis (1°valgus to 1°varus).
Statistics
The data was tested for normality using the KolmogorovSmirnov test. A Levene's test was performed to test the equality of variances. Depending on those test results, the Students t-test or the Kruskal-Wallis test were used to determine significance which was set at 0.05. Correlations were evaluated using Pearson's correlation coefficient. The software SPSS statistics 18.0 (SPSS Inc., Chicago, IL, USA) for Windows was used for statistical analysis.
Results
Data was complete in 413 of 464 operative procedures (89.01%). With regard to the preoperative leg axis a valgus deformity >1°was assessed in 93 knee joints, a neutral axis (1°valgus to 1°varus) in 36 knee joints and a varus deformity >1°in 284 knee joints. Details of the study population are shown in Table 1 .
The high percentage of female patients in the study population and their further elevated proportion in the valgus deformity group represents the well-known epidemiology of knee osteoarthritis [8, 14] .
Intraoperative data
The joint line was reconstructed with an average inaccuracy of 0.4 mm and did not significantly differ between the three groups. In valgus deformities significantly thicker inserts were used and significantly less tibial bone was resected. The difference between the resection depth of the medial and lateral tibial plateau in valgus knee joints averaged 1.4 mm and was significantly less when comparing knees with a neutral axis (2.3 mm) and varus deformities (4.5 mm). Further details concerning the intraoperative data are shown in Table 2 .
Calculation of the optimal resection depth
The optimal resection depth was calculated by the abovementioned algorithm. In valgus deformities the optimal resection depth with reference to the high side of the tibia plateau averaged 5.1 mm (standard deviation [SD] 1.5, range 2.5-8.9) and was significantly reduced when comparing neutral knees (6.8 mm, SD 1.6, range 3.4-8.9; p< 0.001 [Kruskal-Wallis test]) and varus deformities (8.0 mm, SD 2.3, range 2.7-17; p<0.001, Fig. 2) . Similarly, statistical analysis resulted in a significant difference between the optimal resection depth in knee joints with a neutral axis and varus deformities (p = 0.004). As a minimum insert thickness of 8 mm was used, the optimal tibial resection depth in valgus deformities corresponded to the smallest insert thickness minus 3 mm. In varus knee joints the optimal resection depth was identical to the thinnest insert size.
A correlation analysis was performed to further investigate the relationship between preoperative leg axis and optimal tibial resection depth. It resulted in a significant correlation between preoperative leg axis and the optimal tibial resection depth (Pearson's correlation coefficient 0.64, p<0.001; Fig. 3 ).
Discussion
In recent decades numerous studies dealing with improved implantation techniques of TKA have been undertaken. Most of them have analysed different ligament balancing procedures, computer navigation support or minimal invasive surgery [2, 5, 17] . The increasing knowledge about TKA allows surgeons the use of better proven procedures. However, few studies included bone resection amounts in TKA [1, 4, 5, 15] , and none of them systematically analysed the required or optimal tibial resection depth. Therefore, it remains difficult to follow the primary arthroplasty principle and avoid unnecessary bone loss. Therefore, surgeons could rely on two sources: first, recommendations of implant manufacturers and second, annotations of experienced surgeons. Implant manufacturers recommend undercutting the high side of the tibial plateau to the depth of the thinnest insert available [10] . By contrast our clinical experience leads to the hypothesis that standard resections in valgus knees lead to unnecessary bone loss and therefore higher insert sizes. Our assumption is strongly supported by this study as significantly reduced tibial resection depths and higher insert thicknesses have been found in TKA of valgus knees. In support of our hypothesis, Ekus et al. and Ranawat et al. reported a follow-up study for TKA in severe valgus knees and recommended a reduced resection depth in tibia and femur if a valgus deformity exists [6, 16] . However, no study including more precise information about the optimal tibial resection depth in TKA has been found.
Why is it important to resect as much tibial bone as required but as little as possible? First, a reduced level of bone resection during primary knee arthroplasty allows a successful revision arthroplasty as sufficient bone stock is preserved. The second reason was investigated by Berend et al. [3] -as resection depth is increased in the tibia during TKA, the surface at the tibial plateau is reduced, leading to the implantation of smaller tibial components. In addition, a more posterior position is required to maintain component placement within the tibial metaphysis. The combination of a small, posteriorly positioned tibial component contributes to increased strains. Hence an increased level of tibial resection may create an elevated risk of posteromedial bony failure and early aseptic loosening.
As far as we know our study analysed the optimal tibial resection depth for the first time. The optimal resection depth correlates with the preoperative leg axis. In valgus deformities, defined as a mechanical leg axis >1°valgus, an average resection depth of 5.1 mm was found to be enough to restore the joint line and permit a balanced extension and flexion gap. As a minimum insert thickness of 8 mm was used, an average resection depth corresponding to the smallest insert thickness minus 3 mm was enough. As some authors defined a valgus deformity as a mechanical leg axis with more than 3°valgus [8] , a subgroup analysis of those patients was undertaken. Similarly, the optimal resection depth in valgus knees >3°averaged 5.0 mm. Hence our results affirm the above-cited follow-up study and technical instruction for severe valgus knee deformities stating that a reduced tibial resection depth is advisable [6, 16] . Furthermore, it demonstrates that the general recommendation of the implant manufacturers concerning the tibial resection depth is incorrect for valgus knees. For the interpretation of our results, understanding the anatomical situation in valgus knees is essential, i.e. the anatomy of the distal femur is altered in the valgus knee. The lateral femoral condyle is abnormally small, and therefore is considered to be dysplastic [7] . Instead of the normal angular relationship of the distal femur relative to the femoral shaft (average 9°) the alignment of condyles in a valgus knee is commonly 12-20°valgus to the anatomical axis of the femur. Besides this the medial ligaments are stretched and the lateral ligaments contracted. During the operative treatment of those valgus deformities the leg axis is mainly corrected by an asymmetrical resection of the femoral condyles-large resections of bone from the medial femoral condyle accompany small bone resections from the lateral femoral Fig. 2 The optimal tibial resection depth related to the preoperative leg axis. The axis was grouped as valgus (>1°valgus), neutral (1°valgus to 1°varus) and varus deformities (>1°varus) condyle to restore correct axial alignment of the knee [7] . Ligament balancing of those deformed knee joints is the essence of a successful TKA. Load transfer through a correctly aligned and balanced knee will optimise the longevity of the knee arthroplasty and minimise polyethylene wear [7] . Therefore, a ligament release of the contracted lateral soft tissue is always performed in valgus deformities. As the medial collateral ligaments are stretched, the result is a fairly large joint gap. It is important to emphasise that axis deformity in valgus knees is only rarely on the tibial side. Our study indicates no major deformity of the tibia plateau in valgus knees as the difference between medial and lateral tibial plateau in relation to the mechanical tibial axis averaged 1.4 mm. In summary, a reduction of the tibial resection depth in valgus deformities is possible as no tibial deformity has to be undercut and, moreover, it is reasonable to compensate the widened extension gap created by the asymmetrical femoral resection and the ligament balancing procedure.
It is important to highlight the effect of a reduced tibial resection to the joint line. In valgus deformities the reduced tibial resection leads solely to a reduction of the insert thickness. Our study indicated that the joint line in valgus knees was accurately reconstructed as the joint line shift during the operative procedure averaged 0.4 mm.
With regard to varus deformities our study resulted in conflicting findings, i.e. the optimal resection depth in varus deformities corresponded to the smallest available insert thickness. Further analysis of our data indicated that the deformity in varus knees is mainly located in the tibia; the mean height difference between the lateral and medial tibial plateau amounted to 4.5 mm. For this reason a reduced tibial resection is not reasonable in varus deformities. On the one hand, the cut would not be located below the medial bone defect and on the other hand, the reduced tibial resection would lead to increased femoral resection and therefore a joint line elevation. If the joint line is not reconstructed precisely, it may affect the knee kinematics in a negative way [13] .
Limitations of our study
Our algorithm calculated the required tibial resection depth by use of the deepest point of the medial and lateral tibial plateau. These landmarks were registered during the navigation procedure. If these landmarks were marked incorrectly the algorithm results would be falsified. To minimise these potential sources of error we registered multiple points in the region of interest. The navigation device selected the deepest of those points. By use of our algorithm these landmarks were referenced to the mechanical tibial axis. This axis was defined as the line between the centre of the talus and the centre of the proximal tibia.
Incorrect registration of these landmarks might also falsify the results of our calculation. These potential sources of error were investigated by Yau et al. [19] . Even sizeable registration errors of the tibial landmarks up to 9.6 mm produced only small axis deviations around 1.5°. In summary, we believe that potential registration errors of the tibial landmarks did not substantially falsify our results.
Conclusions
In TKA of valgus deformities a reduced tibial resection depth, lying about 3 mm below the thinnest insert, is usually adequate to restore the joint line. The reduced resection depth preserves adequate bone stock for eventual later revision arthroplasties and furthermore decreases the risk of aseptic implant loosing. In varus deformities a resection depth corresponding to the thinnest insert available is mostly required to undercut the medial bone defects of the tibia and to reconstruct the joint line. As that information may prevent unnecessary bone loss in valgus knee joints it should be included in operation manuals and computer navigation software.
